We examined mitochondrial oxidative function 5 minutes and 2 hours after a gradual asphyxia! insult in newborn lambs. We subjected 16 ventilated newborn lambs to 75-90 minutes of hypoxia and hypercarbia that resulted in bradycardia and systemic hypotension over the final 15 minutes of the insult. At the end of asphyxia, the lambs were resuscitated and returned to control ventilator settings. Samples of brain were removed 5 minutes (n=8) and 2 hours 0 = 8 ) after asphyxia. Each group of eight lambs was subdivided into those < 3 or > 3 days old to evaluate the effect of age on postasphyxia mitochondrial function. After classification into nonsynaptk and synaptlc mitochondria, mitochondria] respiration (oxygen consumption) was measured using five different substrates. Data from asphyxiated lambs were compared with that from a control group of ventilated nonasphyxiated lambs (n=8). In the lambs < 3 days old, there was significant depression of mean±SEM nonsynaptic mitochondria state 3 (adenosine diphosphate-dependent) respiration to 29.5±5.2% of control with four of the five substrates and of state 4 respiration to 33.7±0.9% of control with three of the five substrates 5 minutes after asphyxia. By 2 hours after asphyxia, mean±SEM nonsynaptic mitochondria state 3 respiration increased to 70.4±6.4% of control while state 4 respiration increased to 58.2±4.5% of control. In contrast, lambs > 3 days old exhibited no inhibition of nonsynaptic mitochondria function after asphyxia. In synaptic mitochondria, mean±SEM state 3 respiration was significantly decreased to 45.5±4.0% of control with four of the five substrates 5 minutes after asphyxia, with a return to 81.8±11.9% of control 2 hours after asphyxia. Synaptic mitochondria state 4 respiration significantly decreased 5 minutes after asphyxia with only one of the five substrates used. Again, no inhibition of mitochondrial respiration was seen in lambs > 3 days old either 5 minutes or 2 hours after asphyxia. We have demonstrated reversible inhibition of mitochondrial respiratory function after asphyxia in lambs < 3 days old. In lambs > 3 days old, no inhibition of mitochondrial respiration was noted after asphyxia. (Stroke 1989;20:674-679) P revious work in a newborn lamb postasphyxia model has demonstrated abnormalities in postasphyxia cerebral blood flow (CBF) and oxygen consumption (CMRO2). Recovery from asphyxia was associated with an early hyperperfusion followed by a delayed hypoperfusion, during which CMRO2 was persistently depressed.
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Materials and Methods
Twenty-four newborn lambs 1-7 days old were operated upon under pentobarbital anesthesia. Polyvinyl chloride catheters (0.034 in. i.d.x0.054 in. o.d.; Martech Medical Products, Lansdale, Pennsylvania) were placed into the abdominal aorta via each femoral artery and into the inferior vena cava via a femoral vein. A 1-cm-diam. burr hole in the skull down to the dura mater was drilled over the parietal region to facilitate brain removal at the study's conclusion. The lambs were returned to their mothers for 24 hours before study to eliminate pentobarbital effects on cerebral O 2 consumption. 7 On the day of study, the lambs were paralyzed with 0.1 mg/kg pancuronium, anesthetized with fentanyl (20 /wg/kg followed by 10 /ig/kg/hr infusion), and ventilated with an infant ventilator (Bird Co., Palm Springs, California) with a gas mixture providing a PaOj of 80-120 mm Hg and a Pacc»2 of 35-40 mm Hg. Pancuronium and fentanyl have been shown to have no effect on CBF or CMRO 2 .
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Lambs were divided into three groups. Group 1 were nonasphyxiated (control) lambs, which were subdivided into subgroups <3 (mean±SEM 2.0±0, n=4) and >3 (6.3±0.5, n=4) days old. The decision to subdivide Group 1 at 3 days was based on preliminary (unpublished) data from our laboratory that demonstrated higher baseline state 3 and state 4 mitochondrial respiration in lambs 2 days old than in those 4-7 days old. We believed that baseline respiratory rates might influence the response to asphyxia. Control lambs were maintained at normal blood gas levels for 4 hours. PaO2, Pacc>2, pH, and O 2 content (Cac^ were sampled every 30 minutes and remained stable over the 4-hour study. After the last blood sample, a 5-7-g brain sample was removed from the parietal cortex for isolation of mitochondria and assay of brain lactate concentration. The brain sample contained predominantly gray matter, but no effort was made to remove all white matter tissue. Lambs were then killed immediately with T61 euthanasia solution (American Hoechst, Summerville, New Jersey).
Groups 2 and 3 were also subdivided into subgroups <3 and >3 days old. Group 2 lambs were 2.0±0 and 5.2±0.7 days old, respectively, and Group 3 lambs were 2.0±0 and 5.5±0.5 days old, respectively. After being intubated and ventilated, these lambs were subjected to an asphyxial insult as previously described. 1 Briefly, Pac>2 was lowered to 15-22 mm Hg and Cac>2 to 1.5-2.5 vol%, and Pacoŵ as increased to 60-70 mm Hg by decreasing the ventilator rate to 6-10 breaths/min and adjusting the gas mixture to 10% O 2 and 90% N 2 . The total duration of the insult was 75-90 minutes. Over the final 10-15 minutes, the lambs became bradycardic (heart rate <100 beats/min) and hypotensive (mean arterial blood pressure [MABP] 20-35 mm Hg). The episode of asphyxia was terminated before cardiac arrest, when it was still possible to resuscitate the lambs without the use of drugs. Group 2 lambs experienced 86±2.5 (mean±SEM) and 84±3.5 minutes of asphyxia and 11 ±0.5 and 12±1.0 minutes of hypotension in <3 and >3-day-old lambs, respectively. Group 3 lambs (<3 and >3 days old) were exposed to 83 ±2 and 85 ±2 minutes of asphyxia and 11 ±0.5 minutes of hypotension. At the end of asphyxia, the lambs were resuscitated and returned to baseline ventilator settings and Fic^. Group 2 lambs had brain samples taken for mitochondria isolation and lactate measurements 5 minutes after asphyxia. Blood gases and Cac^ were obtained during baseline, during asphyxia, and 5 minutes after asphyxia. Group 3 lambs were handled as described for Group 2 but had brain samples removed 2 hours after asphyxia and additional blood gases and Cac^ obtained every 30 minutes after resuscitation. In the two groups of asphyxiated lambs, a period of normoxia and normocarbia prior to asphyxia was maintained long enough to allow equal time of ventilation and anesthesia (4 hours) as in Group 1.
Blood samples for Pac^, Pacc^, pH, and Cacŵ ere withdrawn anaerobically into heparinized Natelson glass pipettes from the abdominal aorta catheter. Pc^, Pcc^, and pH were measured at 39.5° C using the Radiometer BMS3 MK2 blood gas analyzer (Radiometer, Copenhagen, Denmark). Blood hemoglobin concentration expressed at O 2 capacity and oxyhemoglobin saturation were measured colorimetrically in duplicate by a hemoximeter (Radiometer), and O 2 content was calculated as the product of hemoglobin concentration and oxyhemoglobin saturation. Blood pressure (referenced to the right atrium) and heart rate were continuously monitored in the abdominal aorta (Gould Instruments, Oxnard, California).
Brain nonsynaptic mitochondria (NSM) (primarily glial in origin 10 ) and synaptic mitochondria (SM) were isolated by a modification of the method of Lai and Clark." Brain tissue for mitochondria isolation was homogenized on ice immediately in a small volume of buffer composed of 0.32 M sucrose, 10 mM Tris base, and 2 mM EDTA. After an initial separation centrifuging (Sorval, Newtown, Connecticut) twice at 3,200 rpm (saving the supernatants) and centrifuging the combined supernatants once at 11,000 rpm, the pellet was resuspended in buffer to a volume of 5 ml. This material was layered over a step gradient of 7 ml 7.5% Ficoll solution over 7 ml 10% Ficoll solution. Ultracentrifugation (Beckman Instruments, Inc., Fullerton, California) was then performed for 37 minutes at 25,000 rpm. Myelin was at the first interface, SM were at the second interface, and cell body mitochondria were in the pellet. The NSM and SM fractions were then purified and resuspended in assay buffer containing 225 mM mannitol, 75 mM sucrose, 10 mM Tris-HCl, 20 mM KC1, and 5 mM potassium phosphate at pH 7.4. Concentration of mitochondrial protein in the final suspension was determined by the method of Lowry et al. 12 The recovery of mitochondria in both the NSM and SM fractions was qualitatively similar in all three groups. Brain polarographic assays with a Clark electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio) were performed at 25° C as previously described.
13
- 13 Substrates assayed were glutamate, a-ketoglutarate, /3-hydroxybutyrate, pyruvate/malate, and succinate. The amount of adenosine diphosphate (ADP) added to the assay chamber was determined by ultraviolet absorbance. Absorbance was read at 259 mM against a buffer reference using a molar extinction coefficient for ADP of 15.4X 10 3 . Brain samples for determination of lactate concentration were immediately frozen (-75° C) and then homogenized in 8% perchloric acid. After centrifugation, the supernatant was assayed for lactate concentration using a fluorometric method. 16 Results of polarographic assays were calculated according to the method of Estabrook.
17 State 4 respiratory rate (ST4) was the consumption of O 2 by mitochondria in the presence of substrate. State 3 respiratory rate (ST3) was the consumption of O 2 by mitochondria in the presence of substrate after the addition of ADP. The respiratory control ratio (RCR) was the ratio of ST3 to ST4. ADP:O was the ratio of the amount of ADP added to the reaction chamber and the total O 2 consumed. Mitochondrial variables, blood gases, Cac>2, MABP, heart rate, and brain lactate concentrations were all compared at baseline and 5 minutes and 2 hours after asphyxia in the subgroups by one-way analysis of variance and t tests using Bonferroni's correction for multiple comparisons.
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Results
Physiologic variables for the three subgroups of <3-day-old lambs are presented in Table 1 ; PaO2, pH, and brain lactate concentration in Group 2 differed significantly from those in Groups 1 and 3. Data for the three subgroups of >3-day-old lambs are also presented in Table 1 ; pH, MABP, and brain lactate concentration in Group 2 differed significantly from those in Groups 1 and 3. Two hours after asphyxia, brain lactate concentration was still significantly greater than that in Group 1 in both subgroups. icant depression of NSM ST3 5 minutes or 2 hours after asphyxia. SM ST3 was also depressed (38-55% [45.5±4.0%] of control) 5 minutes after asphyxia with four of the five substrates used (Table 2) . By 2 hours, SM ST3 returned toward control levels for all five substrates (57-112% [81.8±11.9%] of control). No significant differences in SM ST3 were evident in >3-day-old lambs. Data for NSM and SM ST4 are presented in Table  3 . NSM ST4 was depressed 5 minutes after asphyxia in <3-day-old lambs with three of the five substrates tested (32-35% [33.7±0.9%] of control). By 2 hours after asphyxia, NSM ST4 increased somewhat to 45-73% (58.2±4.5%) of control for all five substrates, with only metabolism of glutamate significantly depressed. Again, no significant differences in NSM ST4 were evident in >3-day-old lambs. Although all five substrates showed a decrease in SM ST4 5 minutes after asphyxia (53-85% of control), the decrease was considerably less than that seen in NSM ST4. Once again, no effect of asphyxia was seen in SM ST4 for >3-day-old lambs.
NSM RCR in <3-day-old lambs for the five substrates averaged 82.5±7.3% and 117.6±6.2% of control 5 minutes and 2 hours after asphyxia, respectively. No single substrate demonstrated a significant change compared with control RCR at 5 minutes or 2 hours. SM RCR in the <3-day-old lambs averaged 69.3±4.4% of control 5 minutes after asphyxia, although no single substrate was significantly decreased compared with control, and 106.5±9.8% of control 2 hours after asphyxia. No significant differences compared with control in RCR at 5 minutes and 2 hours were evident in >3-day-old lambs.
NSM ADP:O in <3-day-old lambs averaged 86.8±7.6% and 104.2±4.2% of control 5 minutes and 2 hours after asphyxia, respectively, with no single substrate significantly different from control at either time. SM ADP:O averaged 89.0±3.0% and 106.5±3.2% of control 5 minutes and 2 hours after asphyxia, respectively; again, no single substrate was significantly different from control at either time. No significant differences in ADP:O 5 minutes or 2 hours after asphyxia compared with control were evident in >3-day-old lambs.
Discussion
Previous work in newborn animals is not available to compare with our data. Restoration of mitochondrial function has been studied after ischemic insults in adult models. 23 However, our data must be compared with that in adult models using caution. The adult studies induced ischemia that has been quantified by measuring CBF and that induces pathologic injury. 19 In newborn lambs, neither the degree and length of cerebral ischemia nor the pathologic injury have been demonstrated. Nonetheless, there are some important similarities between our data and that of previous work in adults. Inhibition of ST3 was the most sensitive marker of mitochondrial dysfunction, while ADP:O was fairly resistant to ischemia. The transient inhibition of mitochondrial function in <3-day-old lambs was very similar to data in rats subjected to 15 minutes of ischemia, in which essentially complete recovery of respiratory function was noted by 30 minutes after ischemia. 3 The depressions in ST3 and ST4 immediately after asphyxia were similar in both NSM and SM. Furthermore, recovery of ST3 2 hours after asphyxia was actually better in SM (57-111% of control) than in NSM (50-90% of control). These findings are of interest since it has been suggested that synaptic transmission is more sensitive to lack of O 2 than other cerebral metabolic functions. 20 It is also evident that substrates entering the electron transport chain through both complex I (NAD-linked) and complex II (FAD-linked) were affected to the same extent. This is consistent with either a defect further down the electron transport chain or with a general depression of the various dehydrogenases involved in substrate oxidation.
The difference in sensitivity to asphyxia in lambs >3 compared with those <3 days old was our most interesting finding. One explanation for the lack of inhibition of mitochondrial respiration in >3-day-old lambs could be their lower baseline level of respiration. Both ST3 and ST4 were markedly higher in the <3-day-old lambs. This result is consistent with previous work with brain and heart mitochondria, demonstrating severalfold higher ST3 in newborns than in adults, while the levels of a number of cytochromes were depressed. 2122 It is possible that a lower baseline respiratory rate with higher cytochrome levels may make mitochondria intrinsically more resistant to asphyxia than in the circumstance with higher respiratory rates and lower cytochrome levels. Another possibility is that younger lambs may be more susceptible to free radical damage as a result of lower levels of scavenging enzymes. The development of pulmonary superoxide dismutase and catalase increase with maturity, 23 and such could be the case with brain. In vitro studies have demonstrated inhibition of respiratory activity in mitochondria exposed to oxygen radicals similar to that reported following transient ischemia. 24 Finally, the degree of lactic acidosis has been shown to affect mitochondrial respiration in vivo and in vitro. 25 - 26 However, in our study, brain lactate concentration did not differ between <3 and >3-day-old lambs 5 minutes or 2 hours after asphyxia.
Finally, our data do not support the concept that postasphyxia depression of CMRO 2 in newborn lambs can be explained solely by inhibition of mitochondrial function. Measured CMRO 2 can be altered by factors affecting the utilization of O 2 (e.g., mitochondrial dysfunction) or the delivery of O 2 to the tissue. In both <3-day-old and >3-day-old lambs, depressed CMRO 2 2 hours after asphyxia is likely to be due to diminished O 2 delivery as CBF was decreased 2 hours after asphyxia and mitochondrial function was not significantly inhibited. This is supported by a normal relation between O 2 uptake and delivery, the fractional O 2 extraction.
1 Five minutes after asphyxia, bulk vascular delivery of O 2 is increased while CMRO 2 is diminished. Mitochondrial dysfunction can explain the decreased CMRO 2 in the <3-day-old but not in the >3-day-old lambs. Therefore, we speculate that the diminished CMRO 2 in both age subgroups is more likely to be the result of impaired release of O 2 from hemoglobin or impaired O 2 diffusion through tissue. Either explanation is consistent with the observed decrease in fractional O 2 extraction.
